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The mobility degradation mechanism of n-channel metal-oxide-semiconductor field-effect
transistors n-MOSFETs with ZrO2 gate dielectric was studied. The temperature dependence of
device characteristics was studied in the temperature range from 300 to 420 K. The electron
mobility limited by surface roughness is proportional to Eeff
−0.68 in the fields of
0.5Eeff2 MV/cm at 300 K. The electron mobility limited by phonon scattering is proportional
to T−3.0 at the effective normal field Eeff of 0.8 MV/cm between 300 and 420 K. Soft optical phonon
scattering was used to explain the extra source of phonon scattering in ZrO2-gated n-MOSFETs.
© 2006 American Institute of Physics. DOI: 10.1063/1.2211307Zirconium oxide ZrO2 is considered as a potential can-
didate for high-k dielectric applications. ZrO2 has large di-
electric constant 20–25,1–3 large energy band gap 5.4 eV,
high breakdown electric field 7–15 MV/cm, and low leak-
age current. Furthermore, with a concentration of 0.0162% in
the Earth’s crystal rocks,4 zirconium is more abundant than
hafnium, which has a concentration of 0.000 28%. There are
relatively few reports on ZrO2 gate dielectric applications.1–7
Chang and Lin5 showed that the transconductance
gm of n+-poly/ZrO2/ p-Si transistors was about 10−4 S.
Yamaguchi et al.6 reported a subthreshold swing St of
80 mV/decade for n-channel metal-oxide semiconductor
field-effect transistors n-MOSETs. Luo et al.7 showed that
the maximum electron mobility of jet-vapor-deposition
ZrO2/silicate NMOS was about 370 cm2/V s and lower than
that indicated by the universal model. To our knowledge,
there are no studies on the mobility degradation effect of
metal-oxide-semiconductor field-effect transistors MOS-
FETs fabricated with ZrO2 gate dielectric. In this work, the
temperature dependence of the electron mobility was studied
to identify the electron mobility degradation mechanism of
ZrO2-gated MOSFETs.
p-type, 100 orientation, 4-in.-diameter silicon wafers
with 1–5  cm resistivity were used as the starting sub-
strates. After standard RCA clean, a 500-nm SiO2 film was
grown on silicon wafers by wet oxidation. The source and
drain areas were defined by wet etching and doped by phos-
phorus diffusion. The ZrO2 films were deposited by RF mag-
netron sputtering at room temperature. The wafers were
dipped in buffered oxide etch BOE immediately before
deposition. The thickness of the ZrO2 film was measured by
N&K analyzer model 1200. After ZrO2 deposition, the
source and drain areas were etched by wet etching using
BOE. The ZrO2 film was then annealed in N2 ambience at
500 °C for 1 min. Finally, the aluminum gate electrodes
were evaporated and patterned using wet etching with
H3PO4. A postmetallization annealing was performed at
400 °C in N2 ambience for 20 min. The sputtered ZrO2 films
were examined by x-ray diffraction XRD, x-ray photoelec-
tron spectroscopy XPS, and secondary ion mass spectros-
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thickness of ZrO2 films is about 14.7 nm and the dielectric
constant is 17.6 measured from separate metal-insulator-
semiconductor MIS capacitors. The current-voltage I-V
characteristics were measured using Keithley 236 electrom-
eter and the capacitance-voltage C-V characteristics by
MI494 HF C-V / I-V meter.
The threshold voltage VT extracted in the linear region
was 0.86 V. The maximum transconductance gm was about
6.7310−5 A/V. The minimum subthreshold slope was
101 mV/decade. The Ion/ Ioff ratio was about 106 at
VDS=0.05 V, which indicates that the transistors have good
current switch capability. The temperature dependence of the
threshold voltage was studied in the temperature range from
300 to 420 K. The threshold voltage VT in the linear region
can be written as:8
VT = ms − Qf + Qot + Qm + QitCox  + 2B +
4sqNAB
Cox
,
1
where ms is the work function difference between alumi-
num and silicon, Qf is fixed oxide charges, Qm is mobile
ionic charge, Qot is oxide trapped charges, Qit is interface
trapped charges, and qB is the energy difference between
the Fermi level EF and the intrinsic Fermi level Ei in silicon.
Because ms, Qm, Qf, and Qit are essentially temperature
independent, differentiating Eq. 1 with respect to tempera-
ture yields:8
dVT
dT
= −
1
Cox
dQot
dT
+
d
d 2 + 1CoxSqNA  . 2
Figure 1 shows the threshold voltage VT versus tem-
perature T in the temperature from 300 to 420 K. The rate
of threshold voltage change with temperature 	VT /	T
is −7.39 mV/K. The comparative value for SiO2-gated
MOSFETs is about −3 mV/K at a substrate doping of
31015 cm−3.8 The 	VT /	T of ZrO2-gated transistors is
thus 2.5 times larger than that of SiO2-gate transistors. The
increasing positive oxide trapped charges with temperature
9
are the source for the threshold voltage shift. The positive
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oxygen vacancies generated in the deposition process.9
The effective mobility of MOSFETs, 
eff, can be written
as:
10

eff =
L
W
IDVGS
VDSQinvVGS
. 3
The inversion charge density Qinv can be extracted by mea-
suring the gate-channel capacitance CGC as a function of gate
voltage VGS using the split-capacitance-voltage C-V
technique:11
Qinv = 	
−
VG
CGCVGSdVGS. 4
By integrating CGC, Qinv can be obtained. Figure 2
shows CGC and Qinv as functions of VGS. The effective nor-
mal field Eeff can be expressed in terms of the depletion
charge density Qd and the inversion charge density
Qinv:10,12,13
Eeff =
1
Si

Qd
 + 12 
Qinv
 , 5
where 
Qd
+ 12 
Qinv
 is the total silicon charge inside a Gauss-
ian surface through the middle of the inversion layer.
FIG. 1. The threshold voltage VT is plotted as a function of temperature
T. The linear fitting gives a slope 	VT /	T of about −7.39 mV/K.
FIG. 2. The gate-channel capacitance CGC and the inversion charge density
Qinv of n-channel MOSFETs with ZrO2 gate dielectric are plotted as func-
tions of gate voltage VGS. The gate-channel capacitance CGC is measured by
the split-capacitance-voltage C-V technique. Qinv is calculated by integra-
tion using Eq. 4.
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eff as a function
of Eeff in the temperature range from 300 to 420 K. The uni-
versal mobility is also added as a reference.12,13 The depen-
dence of the electron mobility on Eeff obtained using nonlin-
ear curve fitting is summarized as follows. 1 At 300 K, the
mobility is proportional to Eeff
−0.68 in the field of
0.5Eeff2 MV/cm. 2 At 300 K, the electron mobility
decreases sharply when the effective field is larger than
0.5 MV/cm. 3 The exponent of the Eeff dependence de-
creases with increasing temperature. To identify the mobility
degradation mechanism, Matthiessen’s rule was used.13–15
(1) Coulomb scattering. Figure 3 shows that the maxi-
mum electron mobility 
eff decreases below 0.5 MV/cm
and shifts toward the lesser Eeff direction as temperature in-
creases. This is because the threshold voltage decreases with
increasing temperature as shown in Fig. 1. As a result, the
inversion charge density Qinv increases with increasing tem-
perature at the same VGS. The more the electrons reside in
the inversion layer, the more the scattering due to Coulomb
scattering. Because the 	VT /	T of ZrO2-gated n-MOSFETs
is 2.5 times larger than that of SiO2-gated devices, this dif-
ference is used to explain the more severe Coulomb scatter-
ing at lower Eeff for ZrO2-gated MOSFETs.
(2) Surface roughness scattering. An approximate rela-
tion between electron mobility and effective normal field
is:13

eff Eeff

, 6
where  is the power exponent. The electron mobility of the
ZrO2-gated n-MOSFETs is proportional to Eeff
−0.68 in the
fields of 0.5Eeff2 MV/cm at 300 K. Takagi et al.13 re-
ported that the electron mobility is proportional to Eeff
−0.3 at
fields lower than 0.5 MV/cm at 300 K. The dependence on
Eeff of SiO2-gated n-MOSFETs is weaker than that of
ZrO2-gated n-MOSFETs. The difference in this Eeff depen-
dence can be attributed to more surface roughness scattering
at the ZrO2/Si interface.
(3) Phonon scattering. The maximum electron mobility
of ZrO2-gated n-MOSFETs in this work is 255 cm2/V s. An
approximate expression for the dependence of electron mo-
bility on temperature T is:13

eff T. 7
Figure 4 shows the electron mobility 
eff versus tempera-
ture T at 0.8 MV/cm. The electron mobility is proportional
−3.0
FIG. 3. The electron mobility of ZrO2-gated n-MOSFETs is plotted as a
function of gate voltage VGS in the temperature range from 300 to 420 K.
The functional dependence of electron mobility on Eeff is obtained by curve
fitting using ORIGIN computer program. The channel length is 19 
m.to T at Eeff=0.8 MV/cm from 300 to 420 K. A  value of
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This result shows that phonon scattering is stronger in the
former case. Since phonon scattering in the silicon substrate
should be the same for both, this shows that ZrO2-gated
MOSFETs have an extra source of phonon scattering. This is
consistent with the soft optical phonon model.16 In our pre-
vious work,9 a thin silicate ZrSiOx layer was observed be-
tween ZrO2 and Si. The two transverse soft optical phonon
energies of ZrSiOx are about 38.62 and 116.0 meV.11 The
energy of 38.62 meV is comparable to the thermal energies
in the temperature range from 300 to 420 K
25.9–36.2 meV. This is consistent with the results that the
electron mobility of ZrO2-gated n-MOSFETs decreases due
to increased phonon scattering at higher temperatures.
In summary, the degradation mechanism of electron mo-
bility in ZrO2-gated n-MOSFETs is studied in the tempera-
ture range from 300 to 420 K. The temperature dependence
of electron mobility on vertical field reveals that Coulomb
FIG. 4. The electron mobility of ZrO2-gated n-MOSFETs is plotted as a
function of temperature T. The effective normal field is 0.8 MV/cm. The
functional dependence on T is obtained by curve fitting using ORIGIN com-
puter program. The channel length is 19 
m.scattering, surface roughness scattering, and phonon scatter-
Downloaded 17 Jan 2012 to 140.114.195.186. Redistribution subject to AIP liing of ZrO2-gated n-MOSFETs are more severe than those of
SiO2-gated n-MOSFETs. Transverse soft optical phonons are
used to explain the extra source of phonon scattering in
ZrO2-gated n-MOSFETs.
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